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The experimental observation of the Goos-Hänchen effect, 1 a lateral beam shift in total internal reflection, has stimulated many interesting studies on nonspecular phenomena in reflection. 2, 3 In addition to the lateral beam displacement, the angular shift of the beam axis has been shown by Ra et al. in 1977, 4 quickly followed by the discovery of the secondary nonspecular effects of beam focus shift 5 and beam waist modification. 6 Furthermore, the gradually developed full-wave theory predicts 20 possible independent nonspecular effects by considering a Gaussian beam reflected from a planar surface. 7 However, most of these investigations are focused on the geometrical parameters which lead to the nonspecular effects in space. Experimental observation of the existence of the temporal and spectral nonspecularities of reflection remains unclear. Here, we show the measurement of the spectral and the temporal nonspecular reflection of light in the presence of the surface plasmon resonance ͑SPR͒.
There has been a renewed interest in the studies of SPR in recent years. 8 Numerous applications have been developed based on the surface enhanced optical fields achievable at SPR. These include surface enhanced Raman scattering, 9 increased spontaneous emission, 10 as well as surface enhanced optical nonlinearity. 11, 12 The nonspecular effects which are small and barely observable in total internal reflection ͑TIR͒ can also be resonantly amplified. 13, 14 Most recently, one of the spatial nonspecular effects, the Goos-Hänchen shift, has been investigated at SPR, where the effect at resonance is orders of magnitude larger as compared to the small value observed at TIR. Facilitated by the surface enhancement, in this letter, the existence of the nonspecular reflection of short pulses is quantitatively examined in the spectral and temporal domains at the surface plasmon resonance.
The surface plasmon waves are excited in a Kretschmann-Raether attenuated total reflection ͑ATR͒ device, 15 where the electromagnetic wave is incident through a high-index prism on a metal thin film adjacent to the dielectric-air interface. Given the p-polarized incidence, the reflectance of the ATR device is given by the planar wave reflection coefficient as follows; where r refers to the Fresnel coefficient and the subscripts "12" and "23" refer to the glass-metal and metal-air interfaces, respectively. K is the absorption coefficient in the metal and d is the thickness of the metal film. The k and are the incident wave vector and frequency. By assuming a time-varying incident pulse E i ͑t͒, conveniently assumed as a Gaussian pulse with a half-width of in following sections, the reflected electric field can be derived as a superposition of monochromatic plane waves,
The planar wave reflection coefficient r͑k , ͒ can, in general, be a complicated complex-valued function and one might have to numerically evaluate the integral involved in ͑2͒. However, if the discussion is restricted within the stationary phase approximation and the paraxial region, one can evaluate ͑2͒ by linearizing the transfer function with respect to the center carrier frequency, 0 , of the incident wave packet,
where the derivatives are evaluated at = 0 . Utilizing the shift principle of Fourier transforms, the integration of ͑1͒ results in a shifted Gaussian wave packet in both frequency and time,
Compared to the incidence pulse, the reflected pulse maintains the same Gaussian profile but has an additional time lag and a linear phase retardation which leads to a shift of the central carrier frequency if we rewrite ͑4͒ in the Fourier domain. Thus two nonspecular effects are derived as two shifts in time and frequency,
The ⌬ is commonly known as phase time, which measures the average arrival time of the wave packet. 16 There is no a͒ Author to whom correspondence should be addressed; electronic mail: xbyin@stanford.edu equivalent phenomenon for ⌬ in optics. However, the effect indicates a deviation of the central carrier frequency of the pulse after reflection, which is related to another parameter sometimes referred to as imaginary loss time, 17 commonly studied in the context of electronic transport devices. Furthermore, similar to the power expansion in frequency, ͑3͒ can be expanded in the vicinity of the central wave vector ͑spatial frequency͒ by assuming a Gaussian beam incidence, which leads to two spatial nonspecular effects in position and wave vector, the commonly known Goos-Hänchen shift and the deviation of the reflective angle. 6 The above derivation of the temporal and spectral nonspecularities is general, which is independent of the optical structure of the device. However, the resonance inherent in the ATR device plays a significant role when the operation condition of the device approaches the poles of the transfer function. The dramatic changes of the transfer function in the vicinity of the poles lead to measurable nonspecular effects at resonance. Though the linear approximation ͑3͒ is not accurate enough to describe the reflected wave packet at exact resonance, it resolves the two major nonspecular effects in a simple and self-consistent fashion. Nonetheless, the full description of the pulse can be retrieved by higher order approximation of the Taylor expansion or by the direct numerical integration of ͑2͒.
In the following paragraphs, the two nonspecular effects-the arrival time and the shift of central carrier frequency of the reflected pulse-are measured simultaneously and compared to the theoretical predications in a model system of ATR devices. A schematic experimental setup is shown in Fig. 1 . The SPR is excited in an ATR device by impinging femtosecond laser pulses from a Ti:sapphire laser onto a thin silver film evaporated on a BK7 rhomboid prism. The laser produces 5 mW, ϳ175 fs duration pulses centered at 828 nm and a repetition rate of 78 MHz is used. The beam is then telescoped to ϳ1 mm in diameter at the sample. By changing the metal film thickness and the incident angle using a motorized stage, the response function of the ATR system can be tailored continuously. The reflected pulses at different incident angles are thus collected and analyzed by optical spectrum analyzer ͑AQ-6315E, Ando Electric Co.͒ and autocorrelator ͑409, Spectra Physics Inc.͒.
To measure the temporal nonspecular effect, the arrival time requires an absolute laboratory reference in time. Furthermore, such a time delay is on the scale of tens of femtoseconds which is generally much smaller than the pulse width used in the experiment. Therefore, a special optical homodyne detection scheme is used by inserting a 12 mm cubic birefringent lithium niobate ͑LNO͒ crystal with the optical axis aligned to the y axis, which provides a fixed time delay 0 of 3.25 ps between the vertical ͑s͒ and horizontal ͑p͒ polarization states. As the pulse is reflected from the silver-coated rhomboid prism, the relative difference between the arrival times for the two polarizations due to the reflection is added onto 0 . The total delay of 0 + ⌬ p − ⌬ s is then measured through the cross correlation of the two subsequent pulses, which is directly obtained by an autocorrelator with a long delay line. By subtracting 0 from the peak distance measured from the autocorrelation curves, one obtains the relative arrival time between the two polarization states, ⌬ p − ⌬ s . As a matter of fact, since there is no surface plasmon excitation for s-polarized illumination, no time delay should be expected for s polarization ͑⌬ s =0͒. Thus the measured delay through autocorrelation is exactly equal to ⌬ p . By continuously scanning the incident angle, the angular dependence of phase time are resolved and illustrated in Fig. 2͑b͒ for various ATR devices with different metal film thicknesses together with the theoretical predication by ͑5͒. In Fig. 2͑a͒ , one set of autocorrelation curves of the two subsequent pulses is plotted, which indicates a delayed ͑sub-FIG. 1. ͑Color online͒ Scheme of the experimental setup. P: polarizer, LNO: birefringent LiNbO 3 crystal, and RP: rhomboid prism. The incident polarization is initially 45°polarized to the optical axis of birefringent crystal, which introduces a fixed time delay between the crossed-polarized pulses. The relative time delay ⌬ is detected by autocorrelator and the central carrier frequency shift, the spectral nonspecularity, is measured by spectrum analyzer.
FIG. 2.
͑Color online͒ ͑a͒ One set of autocorrelation curves measured on an ATR device with film thickness of 49.9 nm at the incident angles of 42.0°͑ black͒, 42.232°͑red͒, and 42.244°͑blue͒. To see the difference between sidelobes, the central peak of the autocorrelation curves is omitted. After an average over 20 autocorrelation curves, the arrival time difference ͑com-pared to the incident angle far away from SPR angle͒ is resolved by the shift of peaks of autocorrelation curve. ͑b͒ Angular dependence of ⌬ for various ATR devices with different metal film thicknesses. The theoretical results are plotted as solid curves for comparison. The scale bar for the vertical axis is 50 fs.
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luminal͒ pulse and a negatively delayed ͑superluminal͒ pulse. Both curves are measured on an ATR device with a silver film thickness of 49.9 nm at the incident angles of 42.232°and 42.244°. Compared to the incidence far away from the SPR angle, the arrival times are +37 and −55 fs, respectively. As seen from Fig. 2͑a͒ , for ATR devices with thinner films, the time of arrival is positive at the SPR angle. When the film thickness is thicker than 50 nm, a negative delay is observed, which makes the reflection appear superluminal because only the forerunner part of the pulse is reflected and measured in this case. 18 The thickness of about 50 nm for observing the negative time delay is consistent with the critical thickness of negative Goos-Hänchen shifts measured in ATR devices.
14 Meanwhile, a comparison experiment is conducted on a bare prism without a metal coating ͑thickness d =0͒, where no significant change of group delay is observed through the angular region.
The spectral nonspecularity, ⌬, which represents a central carrier frequency shift, is directly measured by mapping the spectral components of the reflected light at different incident angles. In Figs. 3͑a͒ and 3͑b͒ , the horizontally polarized and vertically polarized spectral power densities of the reflected pulses are mapped as pseudocolor contours in decibels for different incident angles on the ATR device with a silver film thickness of 49.9 nm. By Gaussian fitting, the central carrier frequency of the wave packet at each incident angle is determined and plotted in the contour as a solid line. A shift as large as ϳ50% of the incident pulse bandwidth is observed, which is large enough to separate the incident and the reflected pulse in the spectral domain. There is no significant frequency shift observed in Fig. 3͑b͒ due to the absence of SPR for s-polarized waves. The simulated frequency shifts for various ATR devices are also plotted in Fig.  3͑c͒ for comparison. A nonzero shift at the SPR angle is observed on all ATR devices with a metal coating, and the maximal value is observed on the ATR device with a film thickness of 49.9 nm. The results again confirm that the optimal thickness for SPR excitation is about 50 nm because the significant attenuation of the effect is observed as soon as the metal film thickness deviates from this optimal thickness. No observable central frequency shift is found on a TIR device without metal coating. Unlike the temporal nonspecularity ͑Fig. 2͒ measured in the device, the frequency shift has the same qualitative shape regardless of the thickness of the metal film, although the maximum shift is limited by the extent of SPR excitation.
In conclusion, nonspecular optical phenomena in reflection are found in temporal and spectral domains. A general stationary phase description of the effects is developed and conformed to the experimental results observed at surface plasmon resonance. Furthermore the surface enhancement of the both nonspecular effects is observed at resonance. 
